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Abstract 
We conduct experiments and numerical simulations of the dynamics of bubble clouds nucleated on the 
surface of an epoxy cylindrical stone model during burst wave lithotripsy (BWL).  In the experiment, 
the bubble clouds are visualized and bubble-scattered acoustics are measured. In the numerical 
simulation, we combine methods for modeling compressible multicomponent flows to capture complex 
interactions among cavitation bubbles, the stone, and the burst wave. Quantitative agreement is 
confirmed between results of the experiment and the simulation. We observe and quantify a significant 
shielding of incident wave energy by the bubble clouds.  The magnitude of shielding reaches up to 80% 
of the total acoustic energy of the incoming burst wave, suggesting a potential loss of efficacy of stone 
comminution. We further discovered a strong linear correlation between the magnitude of the energy 
shielding and the amplitude of the bubble-scattered acoustics, independent of the initial size and the 
void fraction of bubble cloud within a range addressed in the simulation.  This correlation could provide 
for real-time monitoring of cavitation activity in BWL. 
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Introduction 
  Cavitation bubble clouds nucleated in the human body during the passage of tensile components of ultrasound pulses 
are of critical importance for the safety and efficacy of the treatment of lithotripsy [1,2]. Shock wave lithotripsy 
(SWL), uses a shock wave form of ultrasound pulses with a peak amplitude of O(10-100) MPa. The large amplitude 
of the pulses followed by a long tensile tail tends to results in formation of a large bubble cluster that can violently 
collapse to cause tissue injury, which has been seen as a major disadvantage of SWL [3,4]. Burst wave lithotripsy 
(BWL) is a newly proposed alternative to SWL that uses pulses of a continuous form of pressure wave (burst wave) 
with an amplitude of O(1-10) MPa and a frequency of O(100) kHz for stone comminution [5]. Due to the low peak 
amplitude of the wave, resulting cloud cavitation in BWL is expected to involve smaller bubbles and less violent 
bubble dynamics.  Recent in vitro experiments show that cavitation bubble clouds with a size of O(1) mm are formed 
during a passage of the burst wave [6]. Such bubble clouds can scatter and absorb the incoming burst wave to cause 
energy shielding of a nearby kidney stone.  The magnitude of this shielding has not been quantitatively analyzed, 
despite its importance for the efficacy of stone comminution. 
In the present study, we quantify the energy shielding by bubble clouds nucleated on the surface of an epoxy stone 
model during the passage of a burst wave with an amplitude of 7 MPa and a frequency of 340 kHz generated by a 
focused ultrasound transducer in water through experimental measurements and numerical simulation. In the 
experiment, we visualize the evolution of bubble clouds using a high-speed camera and measure the back-scattered 
acoustics from the bubbles with transducer array elements. In the simulation, we combine novel numerical methods 
for modeling compressible multiphase flows to capture complex interactions among bubbles, the stone, and the burst 
wave. Simulated evolution of the bubble cloud and bubble scattered acoustics quantitatively agree with the results of 
the experiment. We vary the initial void fraction and size of bubble cloud to assess the magnitude of the shielding as 
well as its correlation with the bubble-scattered acoustics. Results of the study indicate that the magnitude of the 
shielding reaches up to 80% of the total acoustic energy of the incident burst wave. We further discovered a strong 
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Abstract 
We conduct experiments and numerical simulations of the dynamics of bubble clouds nucleated on the 
surface of an epoxy cylindrical stone model during burst wave lithotripsy (BWL).  In the experiment, 
the bubble clouds are visualized and bubble-scattered acoustics are measured. In the numerical 
simulation, we combine methods for modeling compressible multicomponent flows to capture complex 
interactions among cavitation bubbles, the stone, and the burst wave. Quantitative agreement is 
confirmed between results of the experiment and the simulation. We observe and quantify a significant 
shielding of incident wave energy by the bubble clouds.  The magnitude of shielding reaches up to 80% 
of the total acoustic energy of the incoming burst wave, suggesting a potential loss of efficacy of stone 
comminution. We further discovered a strong linear correlation between the magnitude of the energy 
shielding and the amplitude of the bubble-scattered acoustics, independent of the initial size and the 
void fraction of bubble cloud within a range addressed in the simulation.  This correlation could provide 
for real-time monitoring of cavitation activity in BWL. 
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  Cavitation bubble clouds nucleated in the human body during the passage of tensile components of ultrasound pulses 
are of critical importance for the safety and efficacy of the treatment of lithotripsy [1,2]. Shock wave lithotripsy 
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of the pulses followed by a long tensile tail tends to results in formation of a large bubble cluster that can violently 
collapse to cause tissue injury, which has been seen as a major disadvantage of SWL [3,4]. Burst wave lithotripsy 
(BWL) is a newly proposed alternative to SWL that uses pulses of a continuous form of pressure wave (burst wave) 
with an amplitude of O(1-10) MPa and a frequency of O(100) kHz for stone comminution [5]. Due to the low peak 
amplitude of the wave, resulting cloud cavitation in BWL is expected to involve smaller bubbles and less violent 
bubble dynamics.  Recent in vitro experiments show that cavitation bubble clouds with a size of O(1) mm are formed 
during a passage of the burst wave [6]. Such bubble clouds can scatter and absorb the incoming burst wave to cause 
energy shielding of a nearby kidney stone.  The magnitude of this shielding has not been quantitatively analyzed, 
despite its importance for the efficacy of stone comminution. 
In the present study, we quantify the energy shielding by bubble clouds nucleated on the surface of an epoxy stone 
model during the passage of a burst wave with an amplitude of 7 MPa and a frequency of 340 kHz generated by a 
focused ultrasound transducer in water through experimental measurements and numerical simulation. In the 
experiment, we visualize the evolution of bubble clouds using a high-speed camera and measure the back-scattered 
acoustics from the bubbles with transducer array elements. In the simulation, we combine novel numerical methods 
for modeling compressible multiphase flows to capture complex interactions among bubbles, the stone, and the burst 
wave. Simulated evolution of the bubble cloud and bubble scattered acoustics quantitatively agree with the results of 
the experiment. We vary the initial void fraction and size of bubble cloud to assess the magnitude of the shielding as 
well as its correlation with the bubble-scattered acoustics. Results of the study indicate that the magnitude of the 
shielding reaches up to 80% of the total acoustic energy of the incident burst wave. We further discovered a strong 
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quantify the correlation between the shielding and the scattered acoustics, in fig 5d we plot the shielding factor S as a 
function of the maximum value of the imaging functional, 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀
𝐵𝐵 . The shielding factor is defined as 
 𝑆𝑆 =  1 −
𝑃𝑃
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟
, 
where P is the total work done by the acoustic energy to the stone during each simulation: 𝑃𝑃 =  ∫ 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟 𝑑𝑑𝑑𝑑. 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 is 
the reference value of P obtained in the case without bubbles. Note that 𝑆𝑆 = 0 and 𝑆𝑆 = 1 indicates no shielding and 
perfect shielding (no energy transmission into the stone), respectively. The maximum value of the shielding factor in 
the plot is approximately 0.8, indicating that up to 80% of the total energy of the incident burst wave can be 
absorbed/scattered by bubbles that otherwise transmits into the stone. Interestingly, the plot also indicates a strong 
linear correlation between the shielding factor and the maximum imaging functional within the global range of the 
shielding factor, independent of the initial condition of bubbles. This correlation suggests that the scattered acoustics 
can be directly used to estimate the magnitude of the shielding regardless of the bubble dynamics, at least within the 
range of parameters of bubble cloud addressed in the present study. 
Conclusion 
 We quantified the energy shielding of kidney stones by a bubble cloud nucleated on the stone surface during the 
passage of a burst wave through a combined experimental and numerical approach.  Simulated evolution of the bubble 
cloud and the bubble-scattered acoustics using a compressible multicomponent flow solver showed quantitative 
agreement with the results of high-speed photography and acoustic measurements. Results of the simulation revealed 
that the magnitude of the energy shielding by a thin layer of bubble cloud can reach up to 80% of the total energy of 
the burst wave, indicating a large potential loss of efficacy in the treatment of BWL due to cloud cavitation. 
Furthermore, we discovered a strong linear correlation between the magnitude of the shielding and the amplitude of 
the back-scattered acoustics. This correlation could be used, for example, to monitor the magnitude of the shielding 
in a human body by using ultrasound imaging in real time during the treatment of BWL, and adjust parameters to 
minimize shielding during a procedure. Future work can include further detailed analysis of the bubble-scattered 
acoustics as well as assessment of the effect of the amplitude and frequency of the burst wave on the energy shielding. 
Figure3. Snapshots of the pressure contour on the axial-plane during the simulation with h = 1 mm and β0 = 1.0×10-5 at (a) t = 10, (b) 20, (c) 
30, and (d) 40 us. Stone and the void fraction of bubbles are indicated with black line and shading, respectively 
(a) (b) 
(c) (d) 
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quantify the correlation between the shielding and the scattered acoustics, in fig 5d we plot the shielding factor S as a 
function of the maximum value of the imaging functional, 𝐼𝐼𝑀𝑀𝑀𝑀𝑀𝑀
𝐵𝐵 . The shielding factor is defined as 
 𝑆𝑆 =  1 −
𝑃𝑃
𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟
, 
where P is the total work done by the acoustic energy to the stone during each simulation: 𝑃𝑃 =  ∫ 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟 𝑑𝑑𝑑𝑑. 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 is 
the reference value of P obtained in the case without bubbles. Note that 𝑆𝑆 = 0 and 𝑆𝑆 = 1 indicates no shielding and 
perfect shielding (no energy transmission into the stone), respectively. The maximum value of the shielding factor in 
the plot is approximately 0.8, indicating that up to 80% of the total energy of the incident burst wave can be 
absorbed/scattered by bubbles that otherwise transmits into the stone. Interestingly, the plot also indicates a strong 
linear correlation between the shielding factor and the maximum imaging functional within the global range of the 
shielding factor, independent of the initial condition of bubbles. This correlation suggests that the scattered acoustics 
can be directly used to estimate the magnitude of the shielding regardless of the bubble dynamics, at least within the 
range of parameters of bubble cloud addressed in the present study. 
Conclusion 
 We quantified the energy shielding of kidney stones by a bubble cloud nucleated on the stone surface during the 
passage of a burst wave through a combined experimental and numerical approach.  Simulated evolution of the bubble 
cloud and the bubble-scattered acoustics using a compressible multicomponent flow solver showed quantitative 
agreement with the results of high-speed photography and acoustic measurements. Results of the simulation revealed 
that the magnitude of the energy shielding by a thin layer of bubble cloud can reach up to 80% of the total energy of 
the burst wave, indicating a large potential loss of efficacy in the treatment of BWL due to cloud cavitation. 
Furthermore, we discovered a strong linear correlation between the magnitude of the shielding and the amplitude of 
the back-scattered acoustics. This correlation could be used, for example, to monitor the magnitude of the shielding 
in a human body by using ultrasound imaging in real time during the treatment of BWL, and adjust parameters to 
minimize shielding during a procedure. Future work can include further detailed analysis of the bubble-scattered 
acoustics as well as assessment of the effect of the amplitude and frequency of the burst wave on the energy shielding. 
Figure3. Snapshots of the pressure contour on the axial-plane during the simulation with h = 1 mm and β0 = 1.0×10-5 at (a) t = 10, (b) 20, (c) 
30, and (d) 40 us. Stone and the void fraction of bubbles are indicated with black line and shading, respectively 
(a) (b) 
(c) (d) 
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Abstract  
The aim of this paper is to investigate cavitation and pressure pulse on the stern due to the operating 
propellers of a container ship. Three optimally designed propellers are tested in this paper. Two 
propellers are conventional type. The third one is unconventional, and formed by a tip-end plate. These 
three propellers are design optimally at the same design point, and compared according to the 
experimental results. The tests are carried out in the large cavitation tunnel of National Taiwan Ocean 
University (NTOU), and evidence is offered regarding the remarkable improvements in the cavitation 
extension and the exciting force on the stern achieved by the unconventional propeller.   
Keywords: cavitation; pressure pulse; tip-end plate; cavitation tunnel 
1. Introduction 
Generally, some skills, such as high skew, increasing area ratio, and tip unloading are often applied in conventional 
propellers to reduce the cavitation. The cavitation of the marine propellers can be classified into several types, and the 
tip vortex cavitation always appears first. As the tip vortex cavitation is controlled well, the inceptions of other types 
of cavitation can be delayed. 
In Gómez (1976), the ideal of tip loaded propeller was first proposed to restrain the tip vortex cavitation. The tip 
loaded propeller was shaped by a bent tip, and named as TVF (tip vortex free). Since 1980, Gómez’s company, 
SISTEMAR, has remained devoted to the development of the CLT (Contracted and Loaded Tip) propeller. Gómez 
and Adalid (1995) derived the New Momentum Theory, which mathematically proves that the induced velocity at the 
propeller disk of a CLT propeller is much lower than that of a conventional propeller. The ideal efficiency of the CLT 
propeller is greater than that of the conventional propeller due to the increased contribution of the over-pressure on 
the pressure side. Some important features of the flow, like the leading edge vortex of skewed blades and the vortex 
at the outer region of the endplate on the suction side were identified by Antonio et al. (2006). Adalid and Gennaro 
(2011) proved that CLT propellers grant several significant advantages over conventional propellers, the most 
important being: (1) 5 to 8% higher efficiency over the entire operation; (2) lower induced noise and vibrations; and 
(3) Improved ship maneuverability characteristics. Several types of modifications including variations in plate 
contraction angle, and in plate swept and flap angle are studied in Antonio et al. (2012). Stefano Gaggero and Stefano 
Brizzolara (2012) conducted numerical computations to predict the development of a smaller sheet cavity bubble 
(from the leading edge) on the outer side of the tip plate side; the numerical result is qualitatively in agreement with 
the experimental observations. It is posited by Michael et al. (2014) that the CLT propeller with reduced angle-of-
attack loading would have higher efficiency. Stefano et al. (2016) applied tip unloading in the CLT propeller to reduce 
the tip vortex cavitation; they found that the optimization of the tip plate improves cavity reduction by 10–20%. In 
this paper, a container ship equipped with three propellers separately is tested in the cavitation tunnel. The 
improvements in cavitation and pressure pulse on the stern due to the endplate propeller are investigated.  
2. Simulated Conditions and Models  
Three model propellers (P1, P2, and P3) are tested in this paper. The simulated conditions are as shown in Table 1. 
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